. However, the prevalence and impact of TE onco-exaptation events across cancer types are poorly characterized. Here, we analyzed 7,769 tumors and 625 normal datasets from 15 cancer types, identifying 129 TE cryptic promoter-activation events involving 106 oncogenes across 3,864 tumors. Furthermore, we interrogated the AluJb-LIN28B candidate: the genetic deletion of the TE eliminated oncogene expression, while dynamic DNA methylation modulated promoter activity, illustrating the necessity and sufficiency of a TE for oncogene activation. Collectively, our results characterize the global profile of TE onco-exaptation and highlight this prevalent phenomenon as an important mechanism for promiscuous oncogene activation and ultimately tumorigenesis.
The elucidation of mechanisms behind oncogene activation has been a long-standing goal in cancer biology. Genetic mutation, gene amplification and chromosomal rearrangement are three classic genetic mechanisms that drive cancer progression and identity 5, 6 , but they provide an incomplete explanation for oncogene activation. Recently, a wave of discoveries has demonstrated how TEs change the gene expression landscape during evolution, development and disease [1] [2] [3] [7] [8] [9] . Although epigenetically silenced in somatic tissues, TEs can become active in cancer due to DNA hypomethylation, which can expose regulatory sequences and lead to functional consequences [10] [11] [12] . Indeed, some TEs are epigenetically reactivated as cryptic promoters to drive oncogene expression in cancer, a process known as onco-exaptation 4, [13] [14] [15] [16] [17] [18] . To our knowledge, no comprehensive study has investigated whether onco-exaptation is a widespread mechanism for oncogene activation across multiple cancer types.
To globally characterize onco-exaptation events, we canvassed RNA-seq data across 15 cancer types from the TCGA Research Network (http://cancergenome.nih.gov/) ( Supplementary Fig. 1a ). We constructed a computational pipeline that identifies TE-derived oncogene transcripts that are highly tumor enriched ( Supplementary  Fig. 1b) . A comprehensive list of 702 oncogenes was generated from previously annotated onco-exaptation examples 4, 15 and ONGene
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(Supplementary Table 1 ). Considering the technical limitations of RNA-seq data, we set stringent filters (Methods) to maximize the specificity for onco-exaptation events. In total, we analyzed 7,769 tumor samples and 625 tumor-matched-normal samples ( Supplementary Fig. 1b ), which identified 625 TE-oncogene chimeric transcripts; this list includes five previously published onco-exaptation examples (Supplementary Table 2 ). After selecting further for high tumor-enrichment and expression contribution, we identified 129 high confidence onco-exaptation events across 106 oncogenes (Supplementary Table 3 ). In addition, we detected at least one onco-exaptation event in 49 .7% of all tumors, with prevalence ranging from 12 to 87% across cancer types, indicating that onco-exaptation could be a promiscuous mechanism for oncogene activation (Fig. 1a) . On average, each onco-exaptation event was discovered in 51 samples and often distributed across multiple cancer types. We report that the onco-exapted TEs strongly enrich for the long terminal repeat class ( Fig. 1b and Supplementary Fig. 2b ). Examining the cancer-type distribution of onco-exaptation candidates (Fig. 1c) showed both cancer-type-specific events, such as THE1A-HMGA2 in skin cutaneous melanoma 20 , and highly prevalent events were present across multiple cancer types. Furthermore, for eight oncogenes, we observed various TEs activating an in-frame isoform of the same gene (Supplementary Table 4 ), a phenomenon that had only been described for one oncogene 16 . These additional examples support the cancer epigenetic evolution model as previously described 4 . In summary, we provide a global profile of onco-exaptation events across 15 cancer types and enumerate TEs' role in driving oncogene activation and upregulation.
Next, we examined transcript-level information for the top ten most prevalent onco-exaptation candidates that on average accounted for greater than 50% of their target oncogene's expression (Fig. 1d) . Eight of these candidates were predicted to form in-frame transcripts that conserve protein sequence, suggesting preservation of oncogene function. Onco-exaptation candidates include isoforms of genes such as SALL4 and LIN28B that have recently emerged as potent cancer drivers [21] [22] [23] [24] . Additionally, the L1PA2-derived isoform of SYT1 occurs in more than 10% of all tumors, suggesting that it could be an important cancer marker. While investigating transcript-level abundance of candidates, we found that many of the onco-exaptation events were driving a significant fraction of oncogene expression; some greater than 90% ( Fig. 1d and Supplementary Fig. 3 ). Furthermore, we report that half of the top candidates were associated with worse survival in at least one cancer type ( Supplementary Fig. 4 ). For example, we show that the HERVH-SLCO1B3 transcript, a previously characterized oncoexaptation event, is abundant across various cancer types, highly expressed and associated with worse prognosis 13 . These findings
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indicate that TEs not only are associated with oncogene activation but also contribute substantially to overall oncogene expression and oncogenic potential.
For validation, we sought to confirm transcription initiation from a few exapted TEs. We queried the FANTOM5 promoter database 25 and discovered five out of the ten most prevalent oncoexaptation candidates show promoter signature. We validated a few FANTOM5 results by mapping transcription start sites (TSS) with cap analysis of gene expression (CAGE)-seq [25] [26] [27] in the H727 lung carcinoid cell line. Indeed, SYT1 and ARID3A oncogenes are transcribed from alternative promoters located in TEs ( Fig. 2a and Supplementary Fig. 5 ). In addition, we analyzed 27 RNA-seq datasets from lung cancer cell lines 28 and detected five of the ten most prevalent onco-exaptation candidates (Supplementary Table 5 ). One of the most highly expressed candidates was an AluJb-LIN28B fusion transcript that is present in the H1299, RERF-LC-OK and H838 cell lines. Considering that LIN28B is a well-characterized and potent oncogene 22, 24, [29] [30] [31] , we pursued this candidate for further functional validation.
The AluJb TE is located 20 kilobases (kb) upstream of the canonical promoter of LIN28B and drives the majority of LIN28B's expression in a substantial number of tumors (Fig. 1d) . To verify the existence of the AluJb-LIN28B isoform in lung cancer cell lines, we profiled TSSs in the H1299 and H838 cell lines by using paired-end CAGE-seq. We confirmed a CAGE peak, composed of mate reads that align to LIN28B, which spans ~40 base pairs (bp) in the AluJb element in both cell lines (Fig. 2b) . Next, we profiled DNA methylation levels and chromatin accessibility by using WGBS-seq and ATAC-seq, respectively (Fig. 2b) . The AluJb TE is completely methylated in somatic tissues profiled by Roadmap (http://www.roadmapepigenomics.org/) ( Supplementary Fig. 6a ). In H1299, the region surrounding the AluJb promoter (AluJb-P) is unmethylated, whereas in H838, it is ~50% methylated. In both cell lines, the region displayed accessibility, indicating an open chromatin state. Together, these findings suggest that an AluJb TE is epigenetically reactivated as an alternative promoter to drive LIN28B expression in lung cancer cell lines.
Next, we dissected the genetic determinants behind the AluJb-LIN28B onco-exaptation event. In H1299 and H838, we discovered that active epigenetic marks encompassed two TEs, a truncated AluJb and MLT1B, upstream of AluJb-P (Fig. 2b) . Since various TEs are known to harbor transcription-factor-binding sites that could have cis-regulatory function 2 , we tested whether these upstream TEs impact AluJb-P promoter strength. Luciferase assays using various combinations of TEs before a luciferase reporter showed Total  B RCA COAD HNSC KIRC  L GG  LIHC LUAD LUSC  O V  P RAD SKCM STAD THCA UCEC   d   0   2   4   6   8   10   Number of events  in tumor   19%  66%  89%  66%  14%  38%  71%  75%  48%  12%  51%  53%  77%  33%  70%   Enrichment of onco-exapted TEs   TE-oncogene  Oncogene   0   250   500   750   1  2  3  4  5  6  7  8  9  10  11  12  13  14 Number of tumor samples MER5B-GPM6B   MLT1J-SALL4   THE1A-HMGA2   0   50   100   150   1  2  3  4  5  6  7  8  9  10  11   L1PA2-SYT1   HERVE-FABP7  (exon 2) HERVE-FABP7 (exon 1) n = 11 n = 16 n = 8 n = 12 n = 12 n = 14 n = 14 n = 9 n = 5 n = 9 n = 6 n = 3 n = 6 n = 4 
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that vectors without AluJb-P displayed minimal activity (Fig. 2c) . Furthermore, the luciferase activity did not diminish in the solo AluJb-P vector relative to other vectors. These results illustrate that
AluJb-P contains all the necessary sequences for strong promoter activity, and the upstream TEs have minimal cis-regulatory effect on AluJb-P transcription. and sequence targets within AluJb-P and LIN28BP. b, Cropped western blot for LIN28B protein in H1299 (top) and H838 (bottom) CRISPR clones. This experiment was repeated twice with similar results. c, Relative let-7a, let-7b and let-7g miRNA levels compared to wild type (WT) in CRISPR-knockout clones of H1299 (n = 4 independent experiments) and H838 (n = 3 independent experiments) as measured by quantitative PCR. d, The effect of AluJb-P or LIN28BP deletion on cell growth rate as determined by CCK-8 assay in H1299 and H838 cells (n = 3 independent experiments). e, The effect of AluJb-P or LIN28BP deletion on cell migration in H1299 (top) and H838 (bottom) as measured by scratch migration assay (n = 3 independent experiments). f, Tumor growth of H1299 wild type and H1299 CRISPR-knockout clones injected in nude mouse. Resected tumors of wild type and LIN28BP no. 1 xenografts. g, Cropped western blot (repeated twice with similar results) of re-expression of human FLAG-LIN28B or AluJb-LIN28B in AluJb knockout clones and its effect on relative let-7 miRNA levels (number of independent experiments indicated in figure with n) and growth rate (n = 3 independent experiments). d,e,g, P values from CCK-8 growth assays and scratch migration assays were derived from comparing to wild type with two-tailed Welch t-test. All data are represented as means ± s.e.m.
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AluJb is a primate-specific subfamily in the short interspersed nuclear element (SINE) class of TEs. SINE elements are known to recruit RNA polymerase (RNAP) III to generate short transcripts that can potentially be retrotransposed 32 . However, most messenger RNAs are typically transcribed by RNAP II. We hypothesized that AluJb-P accumulated mutations through evolution that generated novel transcription factor binding sites that recruit RNAP II. To explore this hypothesis, we performed pair-wise sequence alignment using EMBOSS Needle 33 between the AluJb-P sequence and the AluJb consensus sequence from Dfam 34 . We then identified potential novel transcription factor motifs that were generated by mutations specific to AluJb-P with FIMO 35 . Previous work has demonstrated that NFYA binds to AluJb-P and knockdown of NFYA reduces promoter activity in Huh-7 cells 36 . However, the degree of NFYA's impact on AluJb promoter function is still unclear. Our analysis with FIMO detected four other transcription factor motifs that potentially arose from mutations: C/EBPD, SP1, SP4 and YY1 (Fig. 2d) . To interrogate the functional importance of these motifs, we cloned AluJb-P sequences mutagenized for each motif into a luciferase reporter and assessed the change in promoter activity. In both H1299 and H838, mutating SP1, SP4 and YY1 sites significantly diminished relative luciferase expression, which is consistent with previous findings that SP transcription factors cooperate with YY1 to drive strong promoter expression (Fig. 2d) 
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. Furthermore, these results were recapitulated in the K562 leukemia cell line ( Supplementary Fig. 8a,b) , which does not express the AluJb-LIN28B transcript. This finding suggests that K562 cells have all the transcriptional machinery to transcribe from the AluJb-P, but DNA methylation might be suppressing the activity of the promoter (Supplementary Fig. 6a ).
To evaluate the functional consequences of the AluJb-LIN28B onco-exaptation event, we first investigated whether the fusion transcript produces a protein product. Within the AluJb-P sequence, we detected a strong start codon 72 bp downstream of the TSS. 
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This results in the addition of 22 amino acids at the N-terminus of exon 2 of LIN28B ( Supplementary Fig. 6c ), for a predicted protein size increase of 2.5 kDa compared to normal LIN28B. Western blots verified the expected size difference between the onco-exapted AluJB-LIN28B isoform present in H1299 and H838 cells compared to the canonical LIN28B protein present in K562 and HepG2 ( Supplementary Fig. 6d ). To confirm that the larger protein originated from AluJb-P, we performed CRISPR-Cas9-mediated deletion of AluJb-P in H1299 and H838 (Fig. 3a) . In addition, we deleted a 1-kb sequence of the canonical LIN28B promoter (LIN28BP). The deletion of AluJb-P abolished the larger LIN28B protein, while the deletion of LIN28BP did not (Fig. 3b) , verifying that AluJb-P produced the larger LIN28B isoform.
Since the AluJb-LIN28B protein is identical to canonical LIN28B, aside from the additional N-terminal amino acids, we examined whether AluJb-LIN28B retained normal LIN28B function. LIN28B represses let-7 miRNAs 29, 30, [38] [39] [40] , ultimately contributing to oncogenesis through the upregulation of oncogenes such as MYC and RAS 22, 24, 31 . As anticipated, we observed an appreciable increase in the levels of let-7a, let-7b and let-7g in the AluJb-P knockout (KO) cells but not in LIN28BP knockout cells of H1299 and H838 (Fig. 3c) . We further assessed how the deletion of AluJb-P impacts cancerspecific attributes. In both H1299 and H838, AluJb-P knockout cells showed much slower growth (Fig. 3d) and migration (Fig. 3e) relative to the parental cell lines and LIN28BP knockout cells. Also, parental H1299 and LIN28BP knockout clones established rapidly growing tumors in vivo, whereas AluJb-P knockout cells exhibited a marked defect in tumor growth during the time of inspection (Fig. 3f) , consistent with the necessity of LIN28B for tumor growth in murine xenograft models 23, 36 . In contrast, the deletion of AluJb-P in K562 cells did not result in elevated let-7 levels ( Supplementary  Fig. 8e ) or loss of proliferation ( Supplementary Fig. 8f ), suggesting that the loss of AluJb-LIN28B was causal for the decreased oncogenic attributes in H1299 and H838 cells and not due to an offtarget effect. Additionally, re-expression of canonical LIN28B and AluJb-LIN28B in H1299 and H838 AluJb-P knockout cells reduced let-7 miRNA levels and modestly rescued proliferation (Fig. 3g) . Altogether, these results indicate that TE-induced oncogene expression can retain its canonical function, which contributes to cell proliferation, migration and tumor formation.
Most tumors exhibit global DNA hypomethylation, which provides cancer cells with an opportunity to exploit the regulatory potential of TEs. However, whether the loss of DNA methylation is causal for spurring TE's cryptic promoter activity has been underexplored due to a lack of efficient targeted methylation techniques. To directly assess how DNA methylation regulates AluJb-P activity, we used the CRISPR SUperNova tagging system (SunTag) to recruit either DNMT3A or TET1CD for targeted methylation or demethylation, respectively (Fig. 4a,b ) [41] [42] [43] . This system allowed us to modestly increase DNA methylation of the AluJb TE by ~20-30% (Fig. 4c) , which led to an ~40% decrease in LIN28B expression in the H1299 (Fig. 4d) , suggesting that DNA methylation of the TE is sufficient to decrease oncogene expression. Additionally, demethylation of the AluJb TE in K562 (Fig. 4e) led to the production of AluJb-LIN28B fusion protein (Fig. 4f) . These results illustrate that dynamic DNA methylation is a driving epigenetic control that acts as an on-off switch for AluJb-P's activity and moreover suggests that TE onco-exaption events arise in tumors due to the unique epigenetic landscape.
Discussion
In conclusion, TEs provide an additional means by which cancer can activate oncogenes. Stochastic, global DNA hypomethylation of cancer cells indiscriminately resurrects TEs of varying regulatory ability that, if they confer a fitness advantage, can be epigenetically inherited and selectively propagated during tumor progression. Here, we present a global profile of tumor-enriched, TE-derived oncogene transcripts across 15 cancer types and show that onco-exaptation is a highly prevalent and promiscuous mechanism that contributes to oncogene activation in close to half of all tumors. By dissecting the mechanisms behind AluJb-derived LIN28B expression, we describe how TEs may be epigenetically and transcriptionally activated to drive oncogene expression. Recently, this tumor-specific LIN28B alternative promoter usage in liver cancer has also been characterized by Guo et al. 36 , but not in an onco-exaptation context. Our concomitant findings in lung cancer cell lines provide cross-cancer support of the robust oncogenic potential of AluJb-LIN28B. Recognizing onco-exaptation events can provide additional insights into potential genetic and epigenetic mechanisms that drive promoter activity in cancer. For example, we were able to identify additional putative transcription factors that might be controlling AluJb promoter activity by exploring the evolution of the SINE element. Furthermore, we provide evidence that these onco-exaptation events are potentially reversible through targeted epigenetic alterations, which could present a translational avenue for personalized epigenetic oncotherapy. In summary, TEs act as double-edged swords for cancer by offering additional mechanisms for oncogene activation but also providing a potential target for therapeutics.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/ s41588-019-0373-3.
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Methods Data download. All patient sample RNA-seq data analysis was done on the GDC Data Release 9.0 of TGCA data (24 October 2017). Normal and tumor RNA-seq BAM files for the following 15 cancers were downloaded using the gdc-client v.1.3.0: bladder urothelial carcinoma, breast invasive carcinoma, colon adenocarcinoma, head and neck squamous cell carcinoma, kidney renal clear cell carcinoma, low grade glioma, liver hepatocellular carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, ovarian serous cystadenocarcinoma, prostate adenocarcinoma, skin cutaneous melanoma, stomach adenocarcinoma, thyroid carcinoma and uterine corpus endometrial carcinoma. In addition, normalized gene expression data (HTSeq-FPKM-Uq) and clinical metadata for all samples were downloaded using the gdc-client v.1.3.0. A total of 7,769 tumor samples and 625 matched-normal samples were used for analysis. A total of 26 lung adenocarcinoma cancer cell line RNA-seq files were downloaded using sratools with the following accession: DRA001846. We included RNA-seq of the H838 lung cancer cell line, which has been previously generated in our laboratory and will be publicly available. GENCODE v.25 was used as the transcript reference 44 . The gene transfer format file of consensus transcripts was downloaded from https://www. gencodegenes.org/releases/25.html. Repeatmasker annotations were downloaded from the UCSC table browser for hg38 (refs. 45, 46 ). FANTOM5 hg38-aligned peaks used for annotating the supplementary tables were downloaded from http:// fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_latest/. Then, 698 protein-coding oncogenes were obtained from the ONGene database 19 . Another four genes from previous publications noting 'onco-exaptation' were included in the list: IRF5, FABP7, SLCO1B3 and IL33 (ref. 4, 15 ). More details about the software used in our analysis can be found in the Life Sciences Reporting Summary.
Assembly and annotation of transcripts. BAM files were sorted and indexed and chr1-22, X and Y were extracted. Stringtie v.1.3.3 was used to assemble the BAM files for all the RNA-seq samples (stringtie --m 100 --c 1) 47 . These transcripts were then annotated with features from GENCODE v.25 with a custom script. Briefly, GENCODE v.25 was first processed into a coordinate dictionary on the basis of chromosome, start and end location. Only the transcripts that were considered 'appris_principal' were used so that alternative transcripts of the gene would not be excluded as potential TE-derived candidates. This set of principal transcripts as well as the Repeatmasker TE coordinates were used to annotate the transcripts generated from the stringtie assembly for each sample. The starting position of the transcript was annotated using the Repeatmasker table to find TE-derived TSSs. Then, the first exon of the transcript was annotated on the basis of overlap with exonic or intronic features of GENCODE v. 25 . If the exon overlapped both an exon and intron, then the exon was selected as the annotation for that element. Then, all subsequent exons in the transcript were annotated until one overlapped with a protein-coding gene exon; this exon of the protein-coding gene was selected as the 'splice target' of that transcript. After all transcripts were annotated, candidate transcripts were selected based on the following criteria: the start site of the transcript being within a TE, the TE being intergenic or intronic, the starting exon not overlapping with exon 1 of the canonical gene, and the transcript splicing into a protein-coding gene. We further limited our analysis to only include a list of 702 oncogenes to increase likelihood of finding candidates with tumorigenic impact.
Generating a reference transcriptome including onco-exaptation candidates.
Aggregating annotation data across all tumor and normal RNA-seq datasets, we constructed a list of unique onco-exaptation candidates based on the subfamily of the TE, the chromosomal coordinates of the TE and the exon of the gene that the transcript was spliced into. To remove potential assembly artifacts and genomic contamination, we removed candidates that had an average exon one length greater than the ninety-ninth percentile of all GENCODE v.25 transcript first exons (2,588 bp). Furthermore, transcripts with first exons that retained an intron were also removed. Finally, we only included candidates that were present in at least two samples.
To further increase confidence of promoter activity, we interrogated all reads that uniquely mapped to each candidate TE. We subsequently annotated the mate pair of those reads to see if any overlapped directly with oncogene exons. For single-end reads, we annotated the portion of the read mapping outside the TE to see if it overlapped with an oncogene exon. First, we removed candidates that had zero files where there were at least ten uniquely mapped reads that started in the TE. In addition, these events were required to have at least one sample with uniquely mapped paired-end reads where one of the pairs mapped to the TE and the other to the splice target of the candidate. For intronic onco-exaptation events, we also removed candidates that had evidence of exonization (there were reads mapping to both an upstream exon and the TE) in more than 15% of samples. Finally, candidates that were exclusively in single-end RNA-seq files were removed. The remaining candidate TE-derived transcripts were then merged with the reference GENCODE v.25 annotation file using Cuffmerge to create a reference transcriptome inclusive of potential onco-exaptation events that have not been previously annotated.
Transcript-level quantification and candidate selection. To determine the contribution of candidates to overall gene expression, we used stringtie (-e -b) with the merged transcriptome as the reference. For each sample, we labeled a candidate as being present if it met the following criteria: (1) the transcript accounted for at least 25% of total gene expression, (2) there was at least one read covering the splice junction between the TE and the splice target (candidates without unique splice junctions were removed) and (3) the target gene had at least one FPKM expression. Next, we filtered for candidates that were highly tumor enriched (>10× enrichment in the tumor samples) and present in at least four tumor samples. For the two cancers where there were no normal samples (ovarian serous cystadenocarcinoma and low grade glioma), we removed candidates that had >75% of their samples in these tumor types to avoid simply enriching for tissuespecific alternative promoters. This gave us a master list of 129 tumor-enriched onco-exaptation candidates involving 106 oncogenes. We then explored the abundance of these 129 candidates across the various cancer types to determine the prevalence of this phenomenon.
Open-reading-frame prediction and FANTOM5 annotation. After determining the predicted transcript sequences of our candidates, we used CPC2 that predicted whether candidates were coding or non-coding 48 . For coding transcripts, we subsequently used the start codon identified by CPC2 for the longest openreading frame and evaluated if it was in-frame or out-of-frame in relation to the canonical isoform. For FANTOM5 promoter annotation, we first filtered the FANTOM5 peaks in hg38 for samples that were not part of exposure or timecourse experiments. Subsequently, we evaluated whether there were any peaks that overlapped with the onco-exapted TE that were on the same strand as our candidate transcript.
Cell culture methods. All cell lines were grown in a humidified incubator with 95% CO 2 at 37 °C. H1299, H838, H727 and K562 cell lines were cultured in RPMI1640 medium (Gibco, 11875-085) supplemented with 10% fetal bovine serum (Corning, 35-011-CV) and 100 U ml −1 penicillin-streptomycin (Gibco, 15140-122). HEK293T cell line was cultured in DMEM (Gibco, 11965-084) supplemented with 10% fetal bovine serum and 100 U ml −1 penicillin-streptomycin. Adherent cells were passaged at 70-90% confluency with 0.05% Trypsin-EDTA (Gibco, 25300-54).
Epigenome and transcriptome profiling. H1299 and K562 whole-genome bisulfite (WGBS)-seq and CAGE-seq were obtained from previously published results 26, 49 . To generate WGBS-seq of H838 cell lines, we extracted genomic DNA with Quick-DNA Miniprep Kit (Zymo, D3024) and bisulfite-converted 200 ng of DNA using EZ DNA Methylation-Direct kit (Zymo, D5020). For WGBSseq, we processed the bisulfite-converted DNA with TruSeq DNA Methylation Kit (Illumina, 15066014). To evaluate DNA methylation of targeted regions, we performed BS-PCR using ZymoTaq PreMix (Zymo, E2003) following the manufacturer's protocol. Illumina adapters were ligated onto the BS-PCR product and amplified for sequencing. WGBS-seq and targeted BS-PCR libraries were sequenced on Illumina NextSeq and MiSeq platforms, respectively. The sequencing reads were aligned to hg19 genome with Bismark and CpG methylation values were calculated using the bismark_methylation_extractor function 50 . To generate chromatin accessibility profiles for H1299 and H838, we followed the published Omni-ATAC-seq protocol 51 . Omni-ATAC-seq libraries were sequenced on Illumina NextSeq platform and reads were mapped to hg19 genome using bwa-mem 52 . Total RNA was extracted using TRIzol Reagent (ThermoFisher Scientific, 15596026) following the manufacturer's protocol with few modifications. We performed an extra chloroform wash after transferring the aqueous phase. Furthermore, we added 5 µg of glycogen and 750 µl of isopropanol to the aqueous phase and incubated the solution overnight at −20 °C to precipitate the RNA. Total RNA was treated with TURBO DNase (ThermoFisher Scientific, AM2238). H838 RNA-seq library was generated using TruSeq RNA Library Prep Kit v.2 (Illumina, RS-122-2001).
To annotate TSS locations, we generated CAGE-seq libraries using CAGE Preparation Kit (DNAFORM). In brief, 10 µg of total RNA was reverse transcribed using SuperScript III (ThermoFisher Scientific, 18080093) and 5′ cap of mRNA was biotinylated. Biotinylated RNA/complimentary DNA hybrid was purified using Dynabeads M-280 Streptavidin beads (ThermoFisher Scientific, 11205D) and processed to be sequenced on the Illumina sequencing platforms. For H727, we generated nanoCAGE-seq libraries 53 . In summary, poly(A) mRNA was extracted using Dynabeads mRNA DIRECT Purification Kit (ThermoFisher Scientific, 61011). The mRNA was enriched for 5′-capped mRNA via Terminator exonuclease (Lucigen, TER51020) digestion. Then we followed standard nanoCAGE protocol to generate the cDNA via template-switching technology. H1299 and H838 CAGE-seq reads were aligned to the hg19 genome while H727 nanoCAGE-seq was aligned to hg38 genome with HISAT and processed using CAGEr package in R statistics 54 . All browser tracks are visualized with the WashU Epigenome Browser 55 .
qPCR of let-7 micro RNA and LIN28B. Let-7 miRNA levels were profiled using a published real-time PCR-based platform 56 . To summarize, 500 ng of total RNA was reverse transcribed using SuperScript IV First-Strand Synthesis System (ThermoFisher Scientific, 18091050) with primers specific to let-7a, let-7b, let-7g and U6-snRNA transcripts. For LIN28B, GAPDH and ACTB qPCR, we processed 500 ng of total RNA with iScript Reverse Transcription Supermix (Bio-Rad, 1708840). Afterward, we performed quantitative PCR on 1 µl of cDNA using PerfeCTa SYBR Green SuperMix (Quantabio, 95053-100). qPCR primers are listed in Supplementary Table 6 . Results from qPCR were normalized to the housekeeping gene to obtain ∆C T and ∆C T of samples that were normalized to wild-type values to obtain ∆∆C T values. Relative fold-change is calculated as 2 -∆∆CT .
Western blot and antibodies. Whole-cell lysates for western blots were extracted with Blue Loading Buffer Pack (Cell Signaling Technology, 7722S). Protein lysates were loaded into Novex 16% Tris-Glycine Mini Gels (ThermoFisher Scientific, XP99165BOX) and separated by gel electrophoresis at 125 V for 4 h. LIN28B and β-actin were detected using an anti-LIN28B antibody (Cell Signaling Technology, no. 4196) and an anti-ACTB mouse monoclonal antibody (GenScript, A00702), respectively. More details about the antibodies can be found in the Life Sciences Reporting Summary. The western blot was imaged with Thermo Scientific myECL Imager (Thermo Scientific, 62236).
Promoter and mutagenesis luciferase assay. Various promoter sequences derived from TEs were amplified and extended using primers listed in Supplementary  Table 6 from H1299 genomic DNA. The minimal promoter sequence of pGL4.23 luciferase plasmid (Addgene, E8411) was removed with HindIII and NcoI restriction enzyme digest and the TE-derived promoters were cloned into pGL4.23 plasmid via Gibson Assembly following the manufacturer's protocol (New England Biolabs, E2661S). For mutagenesis assay, we mutated specific motifs within the AluJb promoter-luciferase vector with QuikChange Lightning SiteDirected Mutagenesis Kit (Agilent, 210518). We used the Neon transfection system (MPK5000) to deliver 400 ng of promoter-luciferase vector and 200 ng of pRL-TK Renilla vector (Addgene, E2241) into 3 × 10 4 H1299 cells, 3 × 10 4 H838 cells or 5 × 10 4 K562 cells. Luciferase levels were measured after 24 h of incubation with Dual-Glo Luciferase Assay System (Promega, E2940).
CRISPR-Cas9-mediated deletion of AluJb and LIN28B promoter. We selected CRISPR-Cas9 sgRNAs by using both CRISPOR 57 and CRISPRscan 58 to identify sequences that have minimal off-targets and are highly efficient. We purchased pU6-(BbsI)_CBh-Cas9-T2A-BFP plasmid (Addgene, 64323) and pU6-(BbsI)_CBh-Cas9-T2A-mCherry plasmid (Addgene, 64324) as the CRISPR delivery vectors. For each sgRNA, we designed and annealed pairs of oligonucleotides that can be cloned into a BbsI-digested CRISPR vector through standard ligation techniques. We constructed BFP-CRISPR vectors that express sgRNAs targeting upstream and mCherry-CRISPR vectors that express sgRNAs targeting downstream of the region we want to delete. BFP-CRISPR vector and mCherry-CRISPR vector are cotransfected into H1299, H838 and K562 cells via Neon transfection system. After 24 h of incubation, the transfected cells are analyzed by flow-cytometry (Beckman Coulter MoFlo) for BFP-positive and mCherry-positive fluorescence. We sorted double-positive fluorescent cells into 96-well plates for single-cell clone expansion. Genomic DNA from CRISPR clones was extracted using the Quick-DNA Miniprep Kit for genotyping and validated with Sanger sequencing.
Cell proliferation assay. We seeded 2,500 wild-type cells or CRISPR-deletion clones in 100 µl of culture media into each well of 96-well plates. Ten microliters of Cell Counting Kit-8 (Dojindo Molecular Technologies, CK04-01) solution was added to each well at appropriate time points. After 1 h of incubation in humidified incubator with 95% CO 2 at 37 °C, we recorded optical density at 450 nm using a BioTek Synergy H1 Hybrid Reader.
In vitro scratch migration assay. Wild-type cells and CRISPR-deletion clones were seeded into six-well plates and grown to 100% confluency. We made straight scratches in middle of the well using 200-µl pipette tips and gently washed the well with culture medium twice to remove free floating cells. Then, we imaged the scratch with a Leica DMIL microscope and measured the width of the scratch using Leica Application Suite X software at the time of the scratch and 8 h after the scratch. CRISPR-SunTag vector construction. We obtained the scFv-sfGFP-DNMT3A1 vector (Addgene, 102278) for the targeted methylation vector. We purchased pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP plasmid (Addgene, 60903) and pLKO5.sgRNA.EFS.tRFP657 plasmid (Addgene, 57824). For targeted demethylation, we replaced the DNMT3A sequence with a TET1 catalytic domain sequence, which was amplified from the pPlatTET-gRNA2 plasmid (Addgene, 82559). Recent work revealed that dCas9-SunTag with 22aa linkers between GCN4 had higher demethylation efficiency 42 . In pHRdSV40-dCas9-10xGCN4_v4-P2A-BFP plasmid, we excised the 10× GCN4 sequence and cloned in GCN4-22aa sequence from pPlatTET-gRNA2 via Gibson Assembly. sgRNAs were cloned into pLKO5.sgRNA.EFS.tRFP657 plasmid.
Lentivirus production and transduction of CRISPR-SunTag vectors. HEK293T cells were seeded in 2 ml of DMEM complete medium and grown to 50% confluency in six-well plates. We co-transfected CRISPR-SunTag plasmids with pMD2.G and psPAX2 following polyethylenimine (PEI) transfection protocol. In brief, 6 µg of PEI and 2 µg of combined plasmids was added to 200 µl of Opti-MEM (ThermoFisher Scientific, 31985062) and incubated at room temperature for 30 min. The incubated PEI-vector mixture was added directly to HEK293T cells. After 48 h, the viral supernatant was collected and filtered through 0.45-µm polyethersulfone filter (Sigma-Aldrich, SLHV033RS). Then, polybrene (SigmaAldrich, TR-1003-G) was supplemented to the viral supernatant to a concentration of 5 µg ml Human LIN28B and AluJb-LIN28B rescue. We purchased pBABE-hLin28B plasmid (Addgene, 26358) that expresses FLAG-tagged human LIN28B protein 24 . We generated AluJb-LIN28B coding sequence from H1299 mRNA and cloned AluJb-LIN28B coding sequence in lieu of FLAG-hLIN28B sequence into the pBABE vector. We co-transfected pBABE plasmids with pMD2.G and pUMVC following a PEI transfection protocol into HEK293T cells. AluJb knockout clones were transduced with viral supernatant supplemented with polybrene (5 µg ml Statistical analysis. Kaplan-Meier distributions between samples with or without candidate expression were compared using the log-rank test. All statistics for in vitro experiments were performed using a two-tailed Welch's t-test. Enrichment for the TE class was calculated with this formula: ((number of TE family onco-exapted/number of total TEs onco-exapted)/(number of total TE family/number of all TEs)).
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Code availability
All custom scripts are available from the authors upon request.
Data availability
Datasets generated and analyzed in this study are available on Gene Expression Omnibus under accession code GSE113946. The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted cufflinks version v2.2.1: Used for the cuffmerge function to create a consensus reference transcriptome with gencode transcript as well as onco-exaptation candidate. bedtools v2.27.1: bamtobed function used to generate a bed files for single end and paired end reads in region of interest from BAM files. CPC2-beta: Used for predicting if transcripts are non-coding or coding. In addition, the start codon used for CPC2 calculations was used to predict the frame of the transcripts. genecode_to_dic.py: Custom script used to generate a cPickle dictionary of all exons and introns in Genecode v25. This dictionary is used for annotation in later scripts. rmskhg38_annotate.py: Custom script used to annotate GTF files annotated by stringtie. The 5' end of transcripts are annotated based on TE locations from Repeatmasker, and then each exon is annotated to see if it overlaps with protein coding genes from Genecode v25. For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability TCGA data was accessed from https://portal.gdc.cancer.gov/. ONGene data was accessed from http://ongene.bioinfo-minzhao.org/. FANTOM5 data was accessed from http://fantom.gsc.riken.jp/5/datafiles/reprocessed/hg38_latest/ 26 lung cancer cell line RNA-sequencing data was accessed from the following accession: DRA001846 Data sets generated and analyzed in this study are available on Gene Expression Omnibus (GEO): GSE113946.
Field-specific reporting
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Life sciences Behavioural & social sciences Ecological, evolutionary & environmental sciences
For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf Life sciences study design
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Sample size
No statistical methods were used to predetermine sample size. The sample size for each experiment is defined in figure or figure legend. For CRISPR experiments, we chose two independent clones for each gRNA pair to minimize interpretation of data from potential off-target effects. For in-vitro experiments, we chose to perform 3 to 4 independent experiments (as detailed in figure legend) to identify statistically significant trends using two-tailed Welch's t-test. For xenograft experiments, we chose a sample size of 4 for WT and 6 for CRISPR KO clones to account for potential biological variation between individual animals.
Data exclusions The following TCGA samples were excluded:
TCGA-HT-8106-01A-11R-2404-07-Did not have corresponding FPKM-UQ expression file available TCGA-V1-A8MJ-01A-11R-A36G-07-Did not have corresponding FPKM-UQ expression file available TCGA-44-2665-01B-06R-A277-07-Did not have corresponding FPKM-UQ expression file available TCGA-EM-A3AN-01A-11R-A206-07-DId not have corresponding .bai file even when downloaded with multiple attempts. Indexing the file with samtools also failed.
We pre-established that only samples with usable transcriptomic data would be selected for analysis.
